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In the analysis of archaeological pottery, Energy Dispersive X-ray florescence analysis has
been utilized to establish the elemental concentrations up to fourteen chemical elements
for each of 14 archaeological pottery samples from Vellore Dist, Tamil Nadu, India. The
EDXRF results have been processed using two multivariate statistical cluster and principal
component analysis (PCA) methods in order to determine the similarities and correlation
between the selected samples based on their elemental composition. The methodology
successfully separates the samples where two distinct chemical groups were discerned.
Copyright 2014, Beni-Suef University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The oldest andmost significant technological innovations, the
potteries are the true synthetic material in the history of; fax: þ91 4175 236553.
l.com (R. Ravisankar).
i-Suef University
sevier
ity. Production and hostihuman achievement. The study of their production, style, and
use has furthered the work of archaeologists both in the
development of chronologies and in understanding the
ancient societies (Rice, 2005). Potteries have a long history and
are found in almost all societies. They are not perishable, andng by Elsevier B.V. All rights reserved.
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excavations.
Chemical analysis and technical examination of art works
play an essential role in providing historical, artistic andTable 1 e Details of ancient pottery samples collected from Ve
S. No Sample location Sample ID Inner colo
1 Karivedu KV Black-Red
2 Kaveripakkam KP Red
3 Malpadi ML Brown-Red
4 Vannivedu VN Black (nice)
5 Pancha Pandavar Malai PP Brown
6 Tajpura TJ Light Red
7 Vallimalai VL Brown (middle-b
8 Tirumani TR Black
9 Odugathur OD Browntechnical information. It is important to know further under-
standing of our cultural heritage, notably in connection with
the restoration, conservation, dating and authentication of
artefacts. In thepast 25 years, and especially in the last decade,llore Dist, Taamil Nadu, India.
r Outer color Period Sample
Dark black 900e1000 AD
Red 1300 AD
Red-Brown 100 AD
Black 1700 AD
Black-Brown (nice) 300e400 AD
Red-Brown 900e1000 AD
lack) Brown 1400 AD
Black-Brown 300 AD
Light brown 900e1000 AD
Table 1 e (continued )
S. No Sample location Sample ID Inner color Outer color Period Sample
10 Ariyur AR Light Red Light red 1300 AD
11 Udayendram UD Red Red-Brown 900 AD
12 Armamalai AM Brown-Black Brown-Red 1700 AD
13 Payam Palli PY Brown Red (nice) 200 BC
14 Ahlangayam AG Brown Red-Black (nice) 300e400 BC
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cation of the archaeology. Among these, non-destructive
methods are more viable and undisturbed the samples to
monitor over a long period of time which are great interest
over a long period of time, are of great interest. A variety of
non-contact, applicable spectroscopic techniques have been
experimentally used over the last decade.
A number of analytical methods have been used in prov-
enance studies during the past 50 years. Among these, the
most successful are instrumental neutron activation analysis
(INAA), XRF and inductively coupled plasma-mass spectrom-
etry (ICP-MS). INAA has a longer history and its advantages
include precision, accuracy, and reliable bulk analysis of the
sample. In the majority of cases, INAA is more sensitive than
XRF$INAA is also more matrix independent and less suscep-
tible to geometric effects than XRF. However, INAA requires
access to a nuclear reactor, a longer analytical time, additional
sample preparation, and the destruction of a small fragment
of the artefact for irradiation. XRF has the advantage of non-
destructive analysis for a given sample, but has limited
detection capability compared to INAA. ICP-MS of solutions
has the advantage of sensitivity, on the order of that for INAA,
but requires sample dissolution which can be difficult for
many inorganic materials, especially those with high silicacontent like obsidian. In contrast, laser ablation ICP-MS re-
quires minimal sample preparation and the analysis is mini-
mally invasive to the artifact, and is frequently semi
quantitative at best. Among the various analytical methods
employed in obsidian provenance studies, X-ray fluorescence
spectrometry has been widely used since from 1960s (Heizer
et al., 1965; Jack and Heizer, 1968; Parks and Tieh, 1966) and
has emerged as a powerful analytical tool for determining the
chemical compositions of a variety of archaeological mate-
rials. In the present study, ancient potteries of different types
obtained from Government Museum, Vellore Dist, Tamil
Nadu, Indiawere subjected tomulti-elemental analysis by ED-
XRF technique. Compositional data have been treated with
various statistical multivariate techniques, namely principal
component analysis (PCA) and clustering analysis.2. Experimental
2.1. Sample collection and preparation
The investigated potshards were coded according to Table 1.
In the present work, the 14 fragments of pottery bulks were
sampled and analysed. The samples were collected at a depth
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pottery is removed. After removal of the surface deposit,
pottery samples were ground into a fine powder for
10e15 min, using an agate motor. All powder samples were
dried at 105 C for 24 h and stored in desiccators until they
were analysed. One gram of the fine ground sample and 0.5 g
of the boric acid (H3PO3) were mixed. The mixture was thor-
oughly ground and pressed to a pellet of 25 mm diameter
using a hydraulic press (20 tons) (Ravisankar et al., 2011).
Fourteen elements (Si, Al, Ca, Fe, K, Ti, Cu, Zn, Pb, La, Co, V, Cd
and Cr) were determined in each sample by ED-XRF.
2.2. Analytical methodology
The samples were analyzed using the ED-XRF available at
Environment and Safety Division, RSEG, Indira Gandhi Centre
for Atomic Research (IGCAR), Kalpakkam, Tamil Nadu, India.
The instrument used for this study is a PW 4025 Minipal sup-
pliedbyM/sPhilips, TheNetherlands.Thespectrometer isfitted
witha sidewindowX-ray tube (9 W) thathas rhodiumasanode.
The power specifications of the tube are 4e30 kV; 1 mA to 1 mA.
Selection of filters, tube voltage, sample position and current
are fully computer controlled. The instrument has the features
of Multi Channel Analyzer test and automatic gain correction.
Beam stop contains a reference sample (an alloy of aluminum
and copper). Copper is used for gain correction. Al and Cu are
used for instrument energy calibration. The stream sediment
standard (GBW 7305) was used as reference material and
analyzed for the present work for the validation of the tech-
nique. The results obtained are showed ingoodagreementwith
the certified values (Table 2).
2.3. Statistical treatment of data
Multivariate statistical techniques were used to identify
various pottery making clay groups, which can be clearly
differentiated from each other, in order to find an archaeo-
logical classification (Aruga et al., 1993; Hart and Adams, 1983;
Mirti et al., 1995, 1998). Moreover, statistical data handling can
be used to assign pottery of unknown provenance toTable 2 e Comparison of stream sediment standard
values with those obtained values using ED-XRF
(elements in ppm unless % is indicated).
Elements Certified values Observed values
from ED-XRF
Al % 7.84 7.46
Ca % 3.17 3.18
K % 1.62 1.63
Fe % 4.32 4.28
Ti % 0.52 0.52
Si % 31.92 32.37
V 109 109.7
Co 18.5 18.0
Cu 137 138.9
Ba 440 633.9
Zn 243 261.3
Pb 112 159.6
Cd 0.82 0.88
Mn 1160 1137 T
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not an assignation can be made (Castellano et al., 1996; Neff,
1992). All the different statistical strategies for the identifica-
tion of groups by means of compositional datas, suggest that
groups should be formed by meaningfully statistical data set,
containing a suitable number of objects.
In this work compositional data on bulk material from
pottery samples have been studied by using STATISTICA
(version 10.0) software package and an auto-scaling procedure
has been carried out on the data set.Table 4 e Loaded factor values of 14 elements of ancient
potteries of Vellore Dist, Tamil Nadu, India.
Variables Factor 1 Factor 2 Factor 3
SiO2% 0.8542 0.2188 0.0501
Al2O3% 0.7600 0.4724 0.2911
CaO% 0.1205 0.8378 0.2526
Fe2O3% 0.0957 0.3511 0.7915
K2O% 0.7441 0.3124 0.0064
TiO2% 0.0956 0.1021 0.7077
Cu 0.2873 0.1275 0.4574
Zn 0.9301 0.1907 0.0389
Pb 0.0709 0.8458 0.0865
La 0.5223 0.1978 0.4122
Co 0.2781 0.7894 0.0812
V 0.4887 0.5207 0.5728
Cd 0.8397 0.4573 0.0013
Cr 0.1593 0.5426 0.5342
% of Variance explained 33.88 23.16 13.393. Results and discussion
3.1. ED-XRF measurements
The results of ED-XRF analysis, referred to the samples of 14
pot shards, are displayed in Table 3, where the compositional
data are expressed in weight percent for major and in parts
permillion for trace elements. Froma preliminary observation
of the chemical data, it was possible to distinguish the pottery
under examination from that of Indian production, since the
latter is characterized by a greater quantity of transitional
elements. Si, Al, Ca, Fe, K and Ti were found to be major
constituents while Cu, Zn, Pb, La, Co, V, Cd and Cr were minor
constituents. From Table 3, it is obvious that, the concentra-
tion of Silica is more due to the presence of Quartz in all the
samples. Apart from silica, the most abundant impurity ele-
ments are Al, Ti, K, Fe andCa are observed. The composition of
Fe and Ca determines the nature of clay minerals and firing
atmosphere adopted by the artisans. The chemical composi-
tion can be used to define the pottery of a particular area in
which, the raw materials are used by the people.
A chemical analysis was performed on the samples to gain
a better idea of the type of clay minerals used (calcareous/
non-calcareous and either low or high refractory) and to
determine the firing atmosphere adopted by the artisans at
the time of manufacture. The clays mainly have the concen-
trations of silica, (SiO2), alumina (Al2O3) and fluxes (K2O, Fe2O3,
CaO, MgO and TiO2) as the composition. The nature of clay
minerals (whether calcareous or non-calcareous clay) can be
identified from the percentage of calcium oxide (CaO) and the
fluxes concentration of K2O, Fe2O3, CaO, MgO and TiO2. Ac-
cording to Maniatis and Tite (1981) if the clay contains CaO is
less than 6%, the samples are non-calcareous. If the fluxes
concentration is greater than 9%, the clays are of low re-
fractory in nature
Based on the above statement, the CaO less than 6% in all
our samples showed that the clays are non-calcareous and
also the fluxes concentration greater than 9% indicated that
the clays are low refractory in nature. Cu contents vary be-
tween 36.6 and 84.92 ppm and Zinc (Zn) concentrations range
from 66 to 153.17 ppm, respectively. Trace elements like Co,
Cr, and V could be used as geochemical fingerprints as they
are associated to specific petrological types (McLennan, 1992).
The concentration of La and Pb is almost similar in all samples
and are found to be in the range of 21.11e18.9 and
58.2e30.5 ppm, respectively. Chromium concentrations range
between 84.59 and 106.51 ppm. VN sample has the lowest Si,
Fe, K, Cu, Co and Cr contents, comparing to all the otherpotsherds. The quite uniform chemical profile in some sam-
ples showed that potteries were probably produced locally. It
should be noted, however, that the pottery composition de-
pends both on the clay source and the recipe used to prepare
the clay paste (Papachristodoulou et al., 2006). The variation of
chemical composition of potsherds may be known that the
pottery from the different production sites reflects the ho-
mogeneity of local clay deposits and the application of
different manufacture processes in local workshops.3.2. Statistical analysis of data
In this work multivariate statistical analyses have been car-
ried out aiming at the identification of groups of pot shard that
can be clustered on the basis of a compositional character-
ization. This approach allows validating and clarifying
archaeological hypothesis, offering an additional tool in
respect of simple visual examination and stylistic classifica-
tion. The role played by investigated elements concentrations
(Si, Al, Ca, Fe, K, Ti, Cu, Zn, Pb, La, Co, V, Cd, and Cr) was
studied by using principal component analysis and clustering
analysis. PCs analysiswas performed on concentrationmatrix
of 14 chemical parameters of 14 samples.
3.2.1. Principal component analysis (PCA)
Table 4 shows the rotated component matrix values of 14 el-
ements. As listed in Table 4, factor 1 explains 33.88% of the
total variance of the data set due to high positive loadings (>7)
of elements SiO2, Al2O3, K2O and Cd and moderate loadings of
elements La and V. Factor 2 explains 23.16% of the total vari-
ance of the data due to positive loadings elements CaO and Pb
and finally factor 3 explains 13.39% of the total variance of the
data due to high positive loadings elements of Fe2O3 and TiO2
and moderate loadings of element of Cu. It is clear that the
three factors extracted in this study explain 70.44% of the total
variance of the data set. It is clear from Table 4 that the
communalities for 70.44% of the elements are greater than
50%. Therefore, the PCA fit to the data set is good. In addition
to PCA loading, this analysis yields factor scores, which
quantify the relative intensities of factor strength on each
Fig. 1 e Bivariate plot of Factor 1 and Factor 2.
Fig. 3 e Cluster analysis dendrogram showing groupings of
pottery from Vellore Dist, Tamil Nadu, India.
b e n i - s u e f un i v e r s i t y j o u rn a l o f b a s i c a n d a p p l i e d s c i e n c e s 3 ( 2 0 1 4 ) 4 5e5 150sample. Factor scores are very helpful in interpreting and
understanding factor analysis results and can be helpful in
finding errors that may exist in the data set. In addition, factor
scoresmay be utilized to identify grouping of the samples into
particular categories samples with the same factor score.
From the PCA analysis, the 14 potsherds are classified into
two groups. Group I consists of 13 potsherds which is char-
acterized high concentration of SiO2, Al2O3, K2O, La, V and Cd
in the factor loadings while Group II consists of one potsherd
which had less contribution of Fe2O3, CaO, TiO2, K2O, Co, Cu
and Pb which were most likely to be made of local clay in the
south India. Figs. 1 and 2 illustrate the bivariate plot of first
three principal component scores.
3.2.2. Cluster analysis (CA)
Cluster analysis was performed on the fourteen variables
using auto-scaled procedure using Euclidean distance and
single linkage method. Fig. 3 shows the dendrogram explains
two groups of ancient potteries.
Group I contains 13 (UD, AG, AM, AR, OD, TR, VL, PY,VN, TJ,
PP, ML and KV) pottery samples which is dominated byFig. 2 e Bivariate plot of Factor 1 and Factor 3.elements like Al, V and La (Parthasarathi et al., 2008). Group II
contains only one sample (KP) which reflects elements of Fe,
Cr and Co are the dominated elements in this group. The re-
sults obtained by factor scores confirm that 100% of the pot-
tery samples classified by cluster analysis are correctly
classified. The results confirm the existence of one major
group in addition to a one small group.4. Conclusion
Energy dispersive X-ray fluorescence (ED-XRF) was used to
determine the minor and trace element composition of clays
from Vellore dist, Tamil Nadu, India. It is concluded that the
concentrations of same elements in pottery samples do not
vary significantly for all the samples. These results indicates
that the potteries of different period were made from the
same type of clay in the region of Vellore dist. These
elemental concentration values were utilized in a multivar-
iate statistical analysis methodology to establish similarities
and differences between the various fragments. Factor anal-
ysis methodologies were utilized to identify unique combi-
nations of elements common to samples and to divide the
samples according to these unique groupings. In this study,
most of the samples could be divided into two large groups
which are characterized by different concentration levels of
particular elements.Acknowledgement
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